This study compared 19 older adults and 20 younger adults on the Groton Maze Learning Test © (GMLT), a novel computerized hidden maze learning test that assesses processing speed, spatial learning efficiency, and error monitoring. Convergent validity of this test was assessed by comparing GMLT scores to Paced Auditory Serial Addition Test (PASAT) and Tower of Toronto (TOT) scores. In the full sample, all GMLT measures correlated strongly with both PASAT and TOT scores (r's = 0.53 to 0.73). GMLT measures most sensitive to detecting between-group differences were the Timed Chase Test (TCT), legal errors, and perseverative errors (Cohen's d's = 3.81, 2.40, and 2.40, respectively). Scores on the visuomotor processing speed subtest of the GMLT attenuated the relationship between age group and maze efficiency index scores, but not perseverative and "rule-break" errors. These results suggest that normal aging is associated with impaired performance on a novel computerized measure of spatial learning efficiency and error monitoring, and that processing speed attenuates the relationship between age and spatial learning efficiency.
participated in this study. Older adults were recruited from newspaper advertisements and young adults were recruited from the participant pool of the Department of Psychology at the Université du Québecà Montréal. All subjects were Caucasian, native Québécois residing in Montréal. Inclusion criteria were: score of 27 or higher on the Mini-Mental State Examination (Folstein, Folstein, & McHugh, 1979) ; age-adjusted Wechsler Memory Scale-III (Wechsler, 1997) cluster scores in the average range; and no self-reported history of or current diagnosis of psychiatric or neurologic disorder. All subjects provided written informed consent and the Institutional Review Board of the Université du Québecà Montréal approved this study.
Assessments

The Groton Maze Learning Test
The Groton Maze Learning Test (GMLT), designed by one of the authors (P.J.S.), is a brief, computer-based neuropsychological measure of immediate-and short-term memory for visuospatial information (Snyder et al., 2005) . It is loosely based on earlier hidden maze tasks developed by Barker (1931) and Milner (1965) , and it provides metrics of simple visuomotor processing speed and several aspects of executive function (e.g., perseverative errors; cf. Snyder et al., 2005; Snyder et al., in press) . 1 The GMLT consists of a 10 × 10 grid of grey tiles presented on a computer touch-screen. To complete the maze, the subject has to follow a hidden pathway (28 moves, 11 turns) through the grid from the top left corner to a flag in the bottom right corner. Message bars at the top and bottom of the screen inform the subject whether a move is correct. If the move is correct, the subject is prompted to "Go On" by the message bar and a musical tone. If the move is incorrect, it is recorded as a "legal error" and the subject is instructed to go back to the last correct location ('tile') and to try moving in a different direction. If two incorrect responses are made in a row, the second consecutive error is labeled a "perseverative error" and the subject is again instructed to move back to the previous correct tile and to try a new way. If the subject fails to return to the last correct square after making two successive wrong moves (i.e., they make three consecutive incorrect moves), the third error is labeled a "rule-break error," and the tile that corresponds to the last correct move begins to flash. The subject is then asked to touch the flashing tile and then try to continue through the maze. The trial ends once the subject reaches the flag in the bottom right corner of the grid of tiles.
Each subject completed five successive learning trials. Each trial was timed (in ms) and timing began automatically when the subject made his or her first move on each learning trial. In its entirety, the task took each subject 10-15 min to complete. A description of primary and secondary measures of the GMLT is shown in Table 1 .
The GMLT also contains a brief subtest called the "Timed Chase Test (TCT)," which assesses simple visuomotor processing speed. In this subtest, the subject is asked to move as rapidly as possible, one tile at a time, through the same 10 × 10 grid of grey tiles, while following a colored tile that keeps moving (essentially, a game of "follow the leader"). After all subjects first complete an untimed practice run to learn the task, the number of correct moves made during a subsequent timed trial (30 s) is used as an index of visuomotor processing speed. This "matched" measure has the advantage of being administered with the exact same stimulus field, apparatus, and input device as the actual maze learning test, with the only difference being the absence of any requirement to learn a new hidden maze path.
Paced Auditory Serial Addition Test (PASAT)
The PASAT is a test of sustained attention, concentration, and speed of information processing (Gronwall, 1977 ). An auditory list of single numbers is presented, and subjects must add each number to the preceding number and state their answer. Speed of presentation increases over four trials from a 2.4-s inter-stimulus interval, to 2.0, 1.6, and 1.2 s. A total of 61 numbers are presented in each trial. Performance on each trial is measured as the total number of correct responses produced over the four trials. 
Tower of Toronto Test (TOT)
The TOT is a well-known planning task and a variant of the Tower of Hanoi. It consists of three pegs and four disks of different colors that subjects are required to move according to a limited number of simple rules (Saint-Cyr et al., 1988) . Task materials consist of three identical vertical pegs, with 90 mm spacing, set on a base. Four wooden disks (5 cm diameter, 1.4 cm high) with a central hole could fit any of the pegs. The disks were painted black, red, yellow and white, respectively, resulting in a 'darkness gradient.' At the start of the trial, the four disks are piled up in the above sequence on the left peg, with the black disk at the bottom. Subjects are required to move the disks from this peg and reassemble them in the original order on the right 'target' peg. There are two rules with no other explicit requirements:
(1) only one disk could be moved at a time, and (2) a darker disk could never be placed on top of a lighter one. Subjects performed the test 10 times, with a 75 min interval after the first five runs. The dependent measure was the total number of moves needed to reassemble the disks on the target peg.
Statistical analyses
Independent samples t-tests and χ 2 tests analyzed demographic characteristics. Controlling for possibly confounding demographic variables, multivariate analysis of covariance (MANCOVA) evaluated the relation between age group (young adult versus older adult) and primary and secondary outcome measures of the GMLT. Non-normally distributed data (e.g., some GMLT measures, see Table 1 ) were transformed logarithmically prior to analysis. Pearson correlations examined relationships among TOT, PASAT, and GMLT scores.
Education and scores on the timed chase test, a subtest of the GMLT that assesses visuomotor processing speed (see above and Table 1 ), were entered as covariates in analyses of scores on the maze efficiency index, and perseverative and rule-break Errors. TCT scores were entered in order to examine whether processing speed predicted maze learning efficiency and error monitoring, and because these scores differed significantly between older adults and younger adults (see Table 3 ). Age group, education, and TCT scores were entered as independent variables in the MANCOVA. Age group was entered as a categorical variable, and education and TCT scores as continuous variables. Dependent variables were scores on the maze efficiency index, and legal, perseverative, and rule-break Errors. Univariate analyses of covariance evaluated the relation between age group and scores on the PASAT and TOT. Effect sizes were computed using Cohen' ; Cohen, 1988) . SPSS was used for all analyses, with a two-tailed alpha value of 0.05 considered significant.
Hierarchical regression analyses examined whether scores on the timed chase test (measure of processing speed) attenuated the relationship between age group and maze efficiency index scores, perseverative errors, and rule-break errors. Following previous reports (Salthouse, 2001b; Bugg et al., 2006) , processing speed (timed chase test scores) was entered into step 1, and demographic variables (age group and education) were entered into step 2.
Results
Demographic characteristics
Mean ages for young adults and older adults were 22.8 (S.E.M. = 0.7) years and 63.5 (S.E.M. = 0.7) years, respectively, F(1, 37) = 1812.34, p < 0.001. A total 50.0% of the young adult group were male and 50.0% were female; 47.4% of the older adult group were male and 52.6% were female; these rates did not differ between age groups, χ 2 (1) = 0.027, p = 0.87. Young adults had significantly more years of education than older adults, 15.2 (S.E.M. = 0.8) years versus 12.0 (S.E.M. = 0.8) years, respectively, F(1, 37) = 7.74, p = 0.008. For this reason, level of education was entered as a statistical covariate in the MANCOVA analysis described below. Table 2 shows a correlation matrix of scores on the GMLT, PASAT, and TOT. In the full sample, scores on all GMLT measures correlated with both TOT and PASAT scores. In the younger adult group, only rule-break errors correlated with TOT scores, and scores on GMLT measures were not correlated with PASAT scores. In the older adult group, only rule-break errors correlated with TOT scores, and scores on all GMLT measures except the timed chase test correlated with PASAT scores. Table 3 shows adjusted mean scores and standard errors on the GMLT, PASAT, and TOT. In the overall model, age group emerged as a significant predictor of GMLT outcome measures, F(4, 32) = 3.06, p = 0.030. Timed chase test scores were also significantly associated with GMLT outcome measures, F(4, 32) = 2.74, p = 0.046, but education was not, F(4, 32) = 2.42, p = 0.069. Compared to young adults, older adults made fewer correct moves on the timed chase test. After controlling for education and timed chase test scores, older adults scored lower than younger adults on the maze efficiency index, and made more legal, perseverative, and rule-break errors on the GMLT. They also scored lower on the PASAT and made more moves on the TOT. Hierarchical regression results indicated that, when entered independently, age group (F(1, 37) = 102.01, p < 0.001; adjusted R 2 = 0.73, β = −0.86) and timed chase test scores (F(1, 37) = 94.65, p < 0.001; adjusted R 2 = 0.71, β = 0.85) predicted maze efficiency index scores.
Convergent validity for the Groton Maze Learning Test as a test of executive function
Groton Maze Learning Test Scores
A subsequent model examined whether processing speed (timed chase test scores) accounted for age differences in maze efficiency index scores. The first step, which included timed chase test scores, was significant, F(1, 37) = 94.64, p < 0.001; adjusted R 2 = 0.71.
Step 2, which evaluated whether adding age group and education contributed significant additional variance after controlling for timed chase test scores, was also significant, F(2, 35) = 3.59, p = 0.038; R 2 = 0.05; total adjusted R 2 for model = 0.75. Timed chase test scores (β = 0.40, p = 0.041) and age group (β = −0.49, p = 0.012), but not education (β = 0.03, p = 0.77), were significant predictors of maze efficiency index scores.
While timed chase test scores entered as the sole independent variable predicted legal errors (F(1, 37) = 30.50, p < 0.001; adjusted R 2 = 0.44; β = −0.67), perseverative errors (F(1, 37) = 28.81, p < 0.001; adjusted R 2 = 0.42; β = −0.66) and rule-break errors (F(1, 37) = 12.00, p < 0.001; adjusted R 2 = 0.22; β = −0.49), they did not significantly predict these errors when age and education were added to the model (all t's ≤ 0.96, all p's ≥ 0.34, all β's ≤ 0.26).
Discussion
This study examined the association between normal aging and performance on the Groton Maze Learning Test, a novel computerized hidden maze learning test. Results demonstrate the sensitivity of the GMLT, which yields several measures of executive function, in detecting differences in spatial learning efficiency and error monitoring between older adults and young adults. Older adults scored lower than younger adults on all GMLT measures, as well as on the PASAT and TOT. Processing speed (in the visuomotor domain), as assessed by the Timed Chase Test of the GMLT, attenuated the relationship between age group and maze efficiency scores, but not perseverative and rule-break errors. Scores on GMLT outcome measures correlated strongly with scores on the PASAT and TOT. These results and recommendations for further research are discussed.
To our knowledge, this is the first study to examine the association between normal aging and performance on a computerized hidden maze learning test. While previous studies have demonstrated that normal aging is associated with impaired performance on tests of spatial learning (Driscoll et al., 2005) , and completion of visible mazes and route selection (Salthouse & Siedlecki, in press ), the present study extends these findings by demonstrating an association between normal aging and performance on a hidden maze learning test in which subjects are required to create, update and efficiently access an internal map of a well-defined stimulus field (the 28-step hidden pathway). Older adults in the current study performed significantly worse than young adults on all GMLT measures.
Timed Chase Test, legal errors, and perseverative errors were the most sensitive in detecting group differences between older and younger adults. This suggests that, relative to younger adults, older adults evidenced the most severe performance decline in processing speed and error monitoring while learning a hidden maze. These findings are consistent with previous reports of normal aging-related decline in processing speed (e.g., Earles & Kersten, 1999; Parkin & Java, 1999; Rubichi, Neri, & Nicoletti, 1999; Salthouse, 1996 Salthouse, , 2001a Salthouse & Fristoe, 1995; Salthouse & Siedlecki, in press) and working memory (e.g., Jenkins, Myerson, Joerding, & Hale, 2000) in healthy older adults. Interestingly, the Timed Chase Test (TCT) measure was considerably more sensitive (Cohen's d = 3.81) than the PASAT (Cohen's d = 1.16) in detecting between-group differences in processing speed. One possible explanation for this finding is that the PASAT is a far more complex task than the TCT, with the PASAT also requiring rapid mathematical computations and working memory. The nature of stimuli also differed between the tasks, with the PASAT presenting auditory stimuli and the TCT presenting visual stimuli and requiring a motor response. Finally, the derivation of PASAT scores is from a series of trials of increasing difficulty, whereas Timed Chase Test scores are derived from a single timed trial. In sum, the Timed Chase Test appears to be a sensitive and valid measure of visuomotor processing speed.
Regarding convergent validity, in the full sample, all GMLT measures were strongly correlated with PASAT and TOT scores in the predicted direction. Scores on the maze efficiency index, the primary outcome measure of the GMLT, correlated positively with PASAT scores and negatively with TOT scores. This finding provides preliminary convergent validity for the GMLT maze efficiency index as a measure of attention, concentration, information-processing speed, planning, and problem solving in healthy adults. When younger adults and older adults were analyzed separately, only Rule-Break Errors (a measure of individuals' ability to efficiently follow the task rules and inhibit pre-potent responding) were correlated with TOT scores in each group. This finding suggests that frequency of rule-break errors may be the most sensitive measure of executive function in general, and planning ability in particular, in cognitively healthy younger and older adults. Interestingly, all GMLT measures except TCT scores were correlated with PASAT scores in older adults, but no significant correlations were noted in younger adults. One possible explanation for this finding is that older adults manifested greater variability in GMLT and PASAT scores relative to younger adults. The lack of correlation between TCT and PASAT scores in older adults may be explained by the small sample size and computational demands of the PASAT relative to the TCT.
A recent study of healthy adults found small to moderate correlations (r's = 0.19 to 0.34) between efficiency scores on visible pencil-and-paper mazes and categories completed on the Wisconsin Card Sorting Test (Salthouse & Siedlecki, in press) . Results of the current study demonstrated a stronger relationship between efficiency scores on a computerized hidden maze learning test and known measures of frontal-executive function (r's = 0.53 to 0.63). Future studies will examine relationships between GMLT measures and other executive function measures to determine finer aspects of executive function assessed by the GMLT, and whether modifying instructions on the GMLT (i.e., withholding a few simple instructions) increases the number, range, and variability of legal, perseverative, and rule-break errors in healthy individuals. This modification may increase the sensitivity of the GMLT in assessing aspects of executive function that involve error and performance monitoring, as it would require individuals to figure out the rules of the test and apply them in subsequent learning trials.
Compared to young adults, older adults made more perseverative and rule-break errors on the GMLT and made more moves on the TOT, even after controlling for education and processing speed. These results suggest that age affects prefrontally mediated executive abilities independent of education and processing speed. Another possible explanation is that older adults differed from younger adults in metacognitive control, or the ability to monitor and control their performance on cognitive tasks (Souchay & Isingrini, 2004) . Indeed, a recent neuroimaging study (Gazzaley, Cooney, Rissman, & D'Esposito, 2005) found that normal aging was associated with suppression of cortical activity during task-irrelevant representations, and that this suppression was associated with impaired working memory performance. The tendency to perseverate on neuropsychological tests is associated with age-related frontal-dysexecutive syndromes such as Alzheimer's disease (AD) and vascular dementia (e.g., Cahn, Zook, Delosh, Davalos, & Davis, 1997; Traykov et al., 2002) , and helps predict conversion from mild cognitive impairment to AD (e.g., Griffith et al., 2006) . More research on individuals across the full age spectrum, as well as those at-risk for dementing disorders, is needed to model the effect of age on GMLT-perseverative and rule-break errors over time in healthy and disordered individuals.
Older adults were also more likely to make rule-break errors relative to younger adults. A previous study that employed a zoo trip task of route selection (Salthouse & Siedlecki, in press) similarly found the older adults were more likely to make omission errors. These errors are analogous to rule-break errors on the GMLT, as they assess an individual's ability to follow the rules of the task for its entire duration. Interestingly, omission errors on the zoo trip task were not associated with a fluid ability factor (Salthouse & Siedlecki, in press) , probably because of the relative infrequency of these errors in this study.
Rates of learning and perseverative errors on the GMLT also differed between age groups. This finding supports previous research on normal aging, which suggests that fluid intelligence declines with age (e.g., Bugg et al., 2006; Salthouse & Siedlecki, in press ). Earlier studies have noted that rates of verbal learning in older adults are similar to younger adults (Constantinidou & Baker, 2002) , and that age-related performance is generally worse on tasks of visuospatial cognition compared to verbal cognition (Jenkins et al., 2000) . Results of the current study support these findings and extend them to suggest that, relative to young adults, older adults are less efficient in navigating a hidden maze and more likely to perseverate across learning trials. Interestingly, while the number of perseverative errors across trials steadily decreased to near zero in young adults, they leveled off at about 15 errors per trial in trials three to five in older adults. This suggests that older adults may be less able to inhibit pre-potent responding while navigating a hidden maze, even though their learning efficiency increased steadily across trials.
Visuomotor processing speed, as assessed by the TCT, attenuated, but did not entirely account for, the relationship between age and maze efficiency index scores on the GMLT. These results confirm prior research, which found that although processing speed attenuated the relationship between age and performance on tasks of executive function, age accounted for a unique and significant proportion of variance in performance on executive function/fluid intelligence tasks after controlling for processing speed (Bugg et al., 2006; Keys & White, 2000; Robbins et al., 1998; Schretlen et al., 2000; Zimprich, 2002) . Importantly, the processing speed measure used in the current study was derived from the same interface as the executive function measures, thereby minimizing the confounding influence of processing speed tasks that may be unrelated to the cognitive operations assessed by distinct measures of executive function. Taken together, these results confirm and extend previous findings to suggest that while processing speed attenuates the relationship between age and performance on a timed maze learning task, it does not solely account for this relationship. Future research should utilize longitudinal designs to closely examine whether age-related decline in executive function is independent of processing speed, as cross-sectional studies often observe processing speed-related attenuation in executive function, but longitudinal studies do not (Sliwinski & Buschke, 1999) .
A number of methodological limitations must be noted. First, the sample size was relatively small and subjects from only two discrete age cohorts were recruited. Second, although subjects were only included if they denied current or prior psychiatric or neurologic histories, the broad range of psychiatric, neurologic, and medical factors that may influence functioning on neuropsychological tests (e.g., Feil, Razani, Boone, & Lesser, 2003; Small, Rosnick, Fratiglioni, & Backman, 2004) were not formally assessed. Third, age-related differences in GMLT performance observed in this study may have been exaggerated by younger adults' increased familiarity with computers and "video game-like" tasks relative to older adults. Future research on normal aging should carefully assess psychiatric, neurologic, and medical status, and familiarity with video games and related tasks (e.g., Driscoll et al., 2005) , examine rates of decline in specific aspects of cognitive function, and elucidate brain-behavior relationships across the lifespan in normative samples.
In summary, results of this study suggest that normal aging is associated with poorer performance on a novel computerized hidden maze learning task. Deficits in maze learning efficiency and error monitoring during learning trials were independent of education and processing speed, suggesting that this age-related impairment in spatial working memory and error monitoring is due to age-related decline in executive function. GMLT-time chase test, legal errors, and perseverative errors were the most sensitive in detecting group differences between young and older adults. Clinically, results of this study underscore the importance of assessing a broad range of cognitive functions in older adults, including measures of processing speed, as performance on such measures appears to attenuate performance on some measures of executive function. The GMLT is a reliable and sensitive test that may be used to detect cognitive changes associated with normal aging, and that provides reliable indices of processing speed, spatial working memory, and error monitoring. Additional research is needed to examine GMLT performance across the lifespan, to compare normal, healthy older adults to older adults with mild cognitive impairment and dementing disorders on the GMLT and related measures of executive function, and to evaluate the role of processing speed in attenuating performance on measures of executive function.
